P23H is the most common mutation in the RHODOPSIN (RHO) gene leading to a dominant form of retinitis pigmentosa (RP), a rod photoreceptor degeneration that invariably causes vision loss. Specific disruption of the disease P23H RHO mutant while preserving the wild-type (WT) functional allele would be an invaluable therapy for this disease. However, various technologies tested in the past failed to achieve effective changes and consequently therapeutic benefits. We validated a CRISPR/Cas9 strategy to specifically inactivate the P23H RHO mutant, while preserving the WT allele in vitro. We, then, translated this approach in vivo by delivering the CRISPR/Cas9 components in murine Rho þ/P23H mutant retinae. Targeted retinae presented a high rate of cleavage in the P23H but not WT Rho allele. This gene manipulation was sufficient to slow photoreceptor degeneration and improve retinal functions. To improve the translational potential of our approach, we tested intravitreal delivery of this system by means of adeno-associated viruses (AAVs). To this purpose, the employment of the AAV9-PHP.B resulted the most effective in disrupting the P23H Rho mutant. Finally, this approach was translated successfully in human cells engineered with the homozygous P23H RHO gene mutation. Overall, this is a significant proof-of-concept that gene allele specific targeting by CRISPR/Cas9 technology is specific and efficient and represents an unprecedented tool for treating RP and more broadly dominant genetic human disorders affecting the eye, as well as other tissues.
Introduction
Retinitis pigmentosa (RP) is the most common cause of blindness and includes a large number of inherited retinal disorders (1) . RP causes a primary rod photoreceptor cell death associated to night blindness with visual field restriction, followed by cone cell deterioration and loss of central vision. More than 60 genes have been identified to cause RP (2-4) and inherited in autosomal recessive (arRP) (5) , dominant (adRP) (6) (7) (8) and X-linked (xRP) (9) genetic traits. Among the relatively large number of genetic loci causing adRPs, the RHODOPSIN (RHO) gene is the most prominent, accounting for 15% of retinal degenerations and 25% of adRP (10, 11) . RHO encodes for a rod receptor protein that, binding to retinal, can sense light and initiate the phototransduction cascade in rod photoreceptors (12) . Among the 120 mutations identified in RHO, the p.Pro23Hist (P23H) is the most frequent mutation which alone accounts for $10% of the adRP cases in North America. In animal models, this mutation causes gain-of-function pathological effects inducing RHO protein misfolding, aggregation and reduced glycosylation (13, 14) , thus leading to rod death and retinal impairment (15, 16) . In addition, the P23H mutant Rho protein was shown to destabilize rod photoreceptor disk membranes and interfere with the disc membrane reorientation process (17, 18) .
Currently, neither therapies are available to halt or delay RP disease progression nor photoreceptor cell death. However, given that the retina is an easily accessible, relative small, compartmentalized and immune privileged tissue, adeno-associated viruse (AAV)-based methods have been particularly successful in therapeutic gene delivery. Importantly, clinical trials on severe forms of retinal dystrophies (19) have shown to be safe and rather efficacious in ameliorating patient visual acuity (20) (21) (22) . Gene therapy is currently widely explored in a variety of preclinical studies but its application remains restricted to lossof-function genetic diseases, in which gene replacement, even to a small degree, can account for functional restoration (23, 24) . Conversely, most of the adRP forms caused by gain-of-function mutations are excluded from these developments since silencing of the mutant pathogenic allele is required for functional rescue. In this scenario, allele-specific strategies are further complicated, given the hurdles posed by the discrimination between the wild-type (WT) and the mutated sequence, often reduced to a single nucleotide difference.
The recent introduction of the CRISPR/Cas9 system might provide an unprecedented tool for specific manipulation and disruption of the mutant alleles by selective allele gene targeting. This system employs the bacterial Cas9 endonuclease to cleave DNA sequences targeted by a short guide RNA "sgRNA" complementary to the %20 nt target sequence and providing specificity to any site of the genome proximal to a fixed protospacer adjacent motif (PAM) sequence (25) . Recruited by sgRNA, Cas9 proteins cleave the DNA at a fixed distance from the PAM domain, thus producing a double strand break that triggers the endogenous DNA repair mechanisms, including the error prone non-homologous end-joining (NHEJ) pathway, that entails small insertion and/or deletion (indel), and the high-fidelity homologous directed repair (HDR), that instead leads to targeted integration of a provided DNA donor sequence. These two pathways can be exploited, respectively, for targeted gene disruption or repair and modification. Although these two processes are formally equivalent, taking advantage of NHEJ is easier and more efficacious since in many cellular systems is often prevalent to HDR, especially in postmitotic cells, and moreover it does not require a donor template (25) . The most popular and optimized CRISPR/Cas9 system is based on Streptococcus pyogens innate immune system (SpCas9) and relies on the NGG PAM site that is fairly abundant throughout the genome but still limited. More recently, the identification of different Cas9 orthologs and the development of engineered variants have provided a customizable variety of nucleases with different PAM sequence and, therefore, largely expanding the targeting range of this system across the genome (26, 27) . For instance, the D1135V/R1335Q/T1337R triple SpCas9 mutant protein (hereafter referred to as Cas9-VQR) was engineered to this purpose and recognizes the novel PAM site NGA (28) .
In the past, various paradigms of gene inactivation have been taken into consideration for Rho inactivation with variable degrees of specificity and efficacy: ribozymes (29, 30) , short hairpin RNAs (31, 32) , zinc-finger nuclease (33) . Thus, we decided to take advantage of the CRISPR/Cas9 expanded genome-editing capacity to achieve the specific inactivation of the P23H Rho allele to counteract the photoreceptor degeneration and disease progression. We explored this hypothesis both in vitro and in vivo, using the P23H knock-in mouse line, which represents a faithful animal model of the human disease, closely recapitulating the dynamics and pathological progression of the human retinal degeneration (34) . Here, we demonstrated for the first time that the selective and efficient inactivation of the P23H Rho mutant allele in the retinal tissue upon in vivo SpCas9 variant delivery mediated either by plasmidic DNA transduction or AAVs. These results provide a strong proof-of-concept for the therapeutic exploitation of this system that aims to minimize photoreceptor degeneration and visual loss.
Results

Targeting of the P23H Rho allele based on the CRISPR/SpCas9-VQR system
The P23H mutation is due to the pathogenic C-to-A nucleotide transversion in position 68 of the Rho coding sequence, both in human and mice. We asked whether this mutation could generate a novel PAM (neo-PAM) for one of the various Cas9 protein orthologs or variants, thus providing selectivity for the mutated allele. Intriguingly, we found a NNHRRT PAM domain that overlapped precisely with the A68 nucleotide on the antiparallel strand of both human and murine Rho gene (sgRNA-saC1) (Supplementary Material, Fig. S1 ). This PAM site is specific for the newly discovered variant of the Streptococcus aureus Cas9 (SaCas9-KHH) that for its smaller size is more apt for translational purposes (35, 36) . We mounted the SaCas9-KHH in a lentiviral vector equipped with the puromycin resistance gene (Puro) and the sgRNA-saC1 in a second vector containing the sgRNA scaffold optimized for SaCas9 and the resistance gene for blastidicin (Blast). We used WT and P23H Rho mouse embryonic fibroblasts (MEFs) to test if this guide could selectively cleave the P23H Rho mutant allele even in double Blast/Puro resistant MEFs. Unfortunately, no detectable cleavage was found either at the level of WT or P23H Rho sequence using two different methods for indel assessment, namely the T7 endonuclease I (T7EI) assay and the tracking of indels by decomposition (TIDE) analysis (37) (Supplementary Material, Fig. S2 ). In contrast, the same vectors equipped with a published guide targeting the EMX1 gene (26) led to a significant DNA cleavage in 293T cells even in absence of antibiotic selection, thus excluding technical issues (Supplementary Material, Fig. S2 ). Since it is known that sgRNA specificity is depending by its seed sequence, a stretch of 8-14 nt before the PAM domain (38,39), we focused on specific sgRNAs whose seed sequences included the P23H mutation, and the relative PAMs were conserved between human and mouse. Interestingly, we found in the proximity of the c.68C > A mutation a second NNHRRT PAM domain (sgRNA-saC2) and also an NGA PAM sequence, which is targeted by the Cas9-VQR (sgRNA-mMUT) (Supplementary Material, Fig. S1 ). Since sgRNA-saC2 similarly to sgRNA-saC1 resulted ineffective (Supplementary Material, Fig. S2 ), we decided to take advantage of the NGA PAM site and we designed the sgRNA-mMUT complementary to the mutant but bearing a single mismatch to the WT Rho allele (Supplementary Material, Fig. S3A and B) . For this purpose, we generated lentiviral vectors equipped with either one of the two SpCas9 (WT and VQR) and Puro; the sgRNAmMUT, expressing the sgRNA in association to the proper scaffold together with the Blast gene resistance and finally both CRISPR/Cas9 elements were mounted on the same vector to take advantage of the single selection for Puro. The two former vectors together or the last one alone were tested in Rho þ/þ or Rho P23H/P23H MEFs using appropriate selections. Two days after infection cleavage efficiency was measured using the T7EI assay. Notably, while in WT samples indel mutations were not detected (Supplementary Material, Fig. S3C ), a significant amount of indel (%20-30%) was scored in P23H samples (Supplementary Material, Fig. S3D ). Thus, the sgRNA-mMUT enabled to discriminate between the two Rho alleles, targeting exclusively the c.68C > A Rho mutant allele. Coupling the Cas9-VQR with an unspecific guide with NGG PAM selectivity or the canonical SpCas9 with the LV-U6-sgRNA-mMUT did not result in detectable cleavage (Fig. 3D) , thus confirming PAM specificity of the SpCas9 employed. Multiple assays can be used to detect cleavage efficiency, each of them showing a different degree of accuracy (closeness to the effective value) or reproducibility (repeatability of the measurement). In fact, molecular cloning of the targeted genomic region coupled with Sanger sequencing (here referred as clone sequencing) is the most accurate but it's a slow and labor intensive option. On the contrary, T7EI assay is the least accurate (cleavage underestimation has been frequently reported with this assay), i.e. (40) , but very reproducible, rapid and inexpensive, thus helpful when comparing different conditions. Finally, the TIDE computational method is repeatable and convenient but not as accurate as clone sequencing. We used all these methods to complement and validate each other to reach the most reliable description of the introduced genetic modifications. Thus, we reassessed sgRNA-mMUT specificity using the TIDE system (Supplementary Material, Fig. S3E and F). With this analysis, infected WT MEFs resulted only minimally affected (6 6 3%) while a substantial fraction of the mutant cells accumulated targeted mutations in P23H MEFs with an overall efficiency of 65 6 3%. Finally, molecular cloning of the targeted genomic region coupled with Sanger sequencing (clone sequencing) was exploited for a more accurate assessment of editing events. This approach failed to detect any indel mutations in WT cells (Supplementary Material, Fig. S3G ) whereas many mutations, of various types, accumulated in mutant cells (66%) (Supplementary Material, Fig. S1H and I). Overall according to clone sequencing, the sgRNA-mMUT discriminated with high degree of specificity the c.68C > A mutant from the WT Rho sequence. Specificity of this guide was assessed also in terms of off-target activity. In fact, four of the most likely off-target sites predicted by the webtool COSMID (https://crispr.bme.gatech.edu) (41) were sequenced and subjected to TIDE analysis and clone sequencing but no detectable off-target indels were ascertained (Supplementary Material, Fig. S4A ).
Estimate of WT or P23H Rho allele cleavage in Rho Selective targeting of the P23H and WT Rho allele in Rho þ/P23H murine retinae
We, then, asked whether Rho gene allele specific targeting could be achieved in vivo. To this aim, we sought to deliver the CRISPR/Cas9 system components in the retinae of P0 newborn Rho þ/P23H mice by in vivo electroporation (42) . To efficiently target the elements of the CRISPR/Cas9-VQR system, we devised a single pCAG vector expressing the SpCas9-VQR under the strong CAG promoter and the sgRNA-mMUT under the U6 promoter. This vector was coelectroporated with a GFP reporter in the subretinal space for targeting the photoreceptor cell layer in the developing Rho P23H/þ eyes (Fig. 1A) . To assess in vivo efficiency and specificity of the gene allele targeting, retinae were harvested 4 weeks after electroporation and GFP þ cells purified by FACSsorting followed by molecular analysis (Fig. 1A) . We first analyzed exclusively the P23H allele by PCR-P23H amplification, and quantified the cleavage rate in 27.5 6 1.7% for the T7EI assays (n ¼ 4) (Fig. 1B) but considerably higher for the TIDE analysis ( Fig. 1C ) and clone sequencing (77.2 6 6.1%, n ¼ 4; 87.8 6 4.5, n ¼ 3, respectively; %40 clones per retina) ( Fig. 1D-G) . This remarkable discrepancy in cleavage estimate between T7EI and the other methods can be explained by the overrepresentation of a particular Rho mutant allele with an single adenine nucleotide insertion in the P23H Rho sequence in edited retinae (38.1 6 3.5 by clone sequencing, n ¼ 3) (Fig. 1E ) that confers to the edited samples a minor degree of variability which would escape T7EI cleavage. This considered, we detected in the P23H Rho allele extremely high indel rate, causing frameshifts in the P23H Rho coding sequence in 100% of the cases (n ¼ 3) (Fig. 1G) , which likely leads to inactivation of the disease Rho allele. Thus, the mutant allele targeting is not only very effective but have also the potential to disrupt the P23H allele pathological functions, leading to the disease. To properly assess this issue at functional level, we cloned the four of most frequent Rho gene variants detected in our in vivo experiment, namely, the WT, P23H and the two most frequent indel mutants referred to as IndelA and IndelB ( Fig. 2A ) and overexpressed them in P19 mouse cells (a cell line derived from an embryonic teratocarcinoma). Previous studies has shown that in cultured epithelial HeLa cells the WT Rho protein is targeted to the cell membrane, whereas the P23H Rho protein accumulates in the endoplasmic reticulum (ER) causing severe cellular stress (43) (44) (45) . Accordingly, in transfected P19 cells the WT Rho localized on the plasma membrane while the P23H mutant protein remained trapped in the cytoplasm as shown by immunofluorescence using two different antibodies recognizing the Rho N-or the C-terminal (respectively, upstream and downstream the aminoacidic position 23 targeted in our editing approach). In contrast, the resulting translated products of the indelA and B Rho mutant alleles were undetectable using either antibody (Fig. 2B) . These results are consistent with the premature degradation of their RNA products (Supplementary Material, Fig. S7A and B) caused by nonsense-mediated decay as shown to occur with other Rho mutants sharing a premature termination codon (46) . The presence of a premature STOP codon in both indelA and B altered proteins was indeed predicted using ORF recognitions tools ( Fig. 2A) . Moreover, possible pathogenicity associated to these frameshift mutations was assessed in vitro by evaluating their hypothetical ability to trigger ER stress, a significant cause underlying retinal degeneration (43) . To this aim, we determined the Xbp1 spliced forms which initiates the ERAD pathway (47) using both a reporter assay and RT-PCR. Differently from the P23H mutant, the prematurely terminated forms presented basal levels of Xbp1 splicing, thus, confirming their lack of toxicity (Supplementary Material, Fig. S7C -H). Next, we analyzed the mutation frequency of the WT Rho allele in electroporated retinae using selective amplification. In this case, T7EI analysis failed to detect significant cleavage in this allele ( Fig. 1H ) whereas TIDE analysis estimated it at 4.3 6 0.9 (n ¼ 5) (Fig. 1I) . Finally, according to the clone sequencing only 2 out of 3 retinae carried indel mutations (%10%) in the WT allele (clone sequencing: %40 clones per retina) (Fig. 1K-M) .
Two different retinal genomic samples were tested for offtarget activity at the same sites searched previously in MEFs (41) . Neither TIDE analysis nor clone sequencing, revealed any detectable off-target cleavage at these sites, thus indicating a high safety profile of this treatment (Supplementary Material, Fig. S4B ). Overall, these results clearly outlined that the Cas9-VQR/sgRNA-mMUT system enabled an efficient and selective targeting of the P23H, mutant, capable of a high degree of inactivation in the Rho allele in vivo.
Effect of targeting of the P23H Rho allele in Rho
Given that the in vivo electroporation mediated an efficient delivery of the CRISPR/Cas9 elements in the retina, with high targeting rate of the P23H mutant Rho allele, we wondered whether From left to right: map of the pCAG-ires-EGFP vector used to overexpress all variants and their description at the DNA and protein level (A). Colocalization of ectopic EGFP and RHO in P19 cells transduced with an empty vector, or carrying WT, mutated P23H or edited IndelA or IndelB Rho alleles. EGFP þ cells were tested for colocalization with two different RHO antibodies: one at the N-terminus (monoclonal RET-P1 red) and the other at the C-terminus (polyclonal, purple). Although the WT and P23H RHO proteins were detected, respectively, on the cell membranes and intracellularly, IndelA and IndelB did not produce any detectable RHO protein staining (B).
Bar: 10 mm.
this could be sufficient to delay rod photoreceptor degeneration and especially outer segment (OS) deterioration. Outer nuclear layer (ONL) thickness (ONL) is a surrogate for photoreceptor number, thus is an important feature to assess retinal degeneration. We measured ONL thickness in electroporated eyes (only right eyes were electroporated, RE) but since electroporation could be also detrimental to retinal integrity we also assessed it in controlateral non-electroporated eyes (left eyes, LEs). Neither electroporated eyes (treated withCas9-VQR alone or Cas9-VQR toghether with sgRNAmut) nor non-electroporated eyes presented significant differences in ONL thickness ( Fig. 3A-D ).
Since at 1 month of age photoreceptor loss in Rho þ/P23H retinae is relatively mild, thus masking possible effects of our treatment, we attempted to measure other features of photoreceptor degeneration. The OS is the photoreceptor compartment where RHO resides and vision initiate (12) . This complex process requires a constant turnover of molecules, proteins and subcellular structures (48) but is also easily disrupted if one of its element, RHO among many others, is functionally altered, thus leading to retinal degeneration (49) . The first hallmark of this process is OS degeneration, characterized by initial shortening, misshaping and final complete loss. Degeneration also involves inner segment (IS), the compartment that lies between the OS and the photoreceptor soma and lodges the Golgi apparatus, ER and mitochondria. Four weeks after electroporation photoreceptor, OSs were dysmorphic in shape and shorter in control, while morphology and length was evidently more preserved in treated retinae ( Fig. 3E-Q ). Retinae treated with both Cas9-VQR and sgRNA-mMUT (CRISPR-VQR-treated) GFP þ photoreceptor displayed longer OS/IS tract (%150%, Fig. 3M ) than in retinae treated with the Cas9-VQR only (controls). Cyclic nucleotidegated channel alpha1 (CNGA1) and Clx (calnexin) staining were used to identify the shape, respectively, of the OS and IS and their relative boundaries (34) , thus highlighting the differences between control and CRISPR-VQR-treated retinae in the OS tract (%190%, Fig. 3M ). Thus, the OS damage induced by the Rho
mutation was rescued by our CRISPR/Cas9-VQR treatment.
ONL degeneration progressed at 3 months of age, moreover the detrimental effect of electroporation at this stage was clearly evident as demonstrated by ONL thickness in nonelectroporated retinae (Fig. 4A) . Despite great variability among electroporated retinae, ONL thickness was significantly and CRISPR treated retinae (P, Q). ONL, outer nuclear layer, INL, inner nuclear layer, GCL, ganglion cell layer. Scale bar: 10 mm (A-N). Representative ERG traces recorded simultaneously from left (LE) and right (RE) eyes of WT (R) (n ¼ 10), Cas9 VQR only (S) (n ¼ 12) and Cas9 VQR þ SgRNA-mMUT (T) (n ¼ 14) treated Rho þ/P23H mice. Each sweep is the average of 6 trains of 10 flashes, delivered at time 0 (red line). Histograms show ERG a-wave (U) and b-wave (V) amplitude normalized on those from nonelectroporated LEs. Error bars indicate SEM. *P < 0.05; **P < 0.01.
lower in control compared with treated retinae (Fig. 4B -D, Supplementary Material, Fig. S8C and D) . Also OS degeneration markedly advanced at this stage to the point that in control retinae OS loss was almost complete, whereas in CRISPR-VQRtreated retinae the OS layer was still present although strongly reduced in length ( Fig. 4E-Q) . Thus also at 3 months of age our treatment preserved ONL and OS length from the damage induced by the Rho þ/P23H mutation, despite worsening caused by the electroporation procedure. Additional immunohistochemical characterization of the phenotypic rescue at 1 and 3 month was performed to define more rigorously: layers appearance, RHO localization, presence of cones, microglia activation and astroglial reactivity ( To obtain a functional correlate of the morphological diversity between CRISPR-VQR and control-treated photoreceptors, we performed transretinal electroretinogram (ERG) recordings in 3-month-old-treated mice (Fig. 4R-T) . Clearly uninjected left retinae, presented better responses to light than the right electroporated eyes, thus confirming an additional detrimental effect on the degenerative phenotype, caused by the electroporation procedure previously indicated by the histological analysis (Figs 3A-D and 4A-D). For this reason, we only compared RE recordings upon LE normalization ( Fig. 4U and V, see also row data in Supplementary Material, Table S1 ). WT retinae produced robust a-and b-waves indicating functional photoreceptor-and bipolar-dependent currents. In contrast, waves recorded in control-treated Rho þ/P23H retinae were severely blunted consistent with the observed photoreceptor cell loss. Remarkably, Rho þ/P23H retinae showed a significant rescue in both a-and bwaves indicating a functional recovery of the phototransduction visual activity (Fig. 4) .
AAV-mediated delivery for targeting the P23H Rho allele in Rho þ/P23H murine retinae AAV delivery of therapeutic gene has been proven very successful for the treatment of retinal diseases in various clinical and preclinical studies (19, 20, (22) (23) (24) . Currently administration of viral particles for the treatment of retina or RPE has required direct injection in the subretinal space between the photoreceptor cell layer and the RPE and consequently their detachment. This procedure, although employed in retinal clinical practice is not devoid of risks and complications compared with administration into the vitreous chamber. Intravitreal (IV) injection is safer and commonly used for pharmacological treatments of retinal diseases such as age-related macular degeneration. In recent years, AAV technology has engineered a great numbers of new serotype variants with enhanced capabilities (50-52), thus making targeting of the retina using IV administration possible in the adult mice. The 7m8 serotype is an AAV2 variant generated for this purpose (51) , and therefore, it was the first one we tested for delivery in Rho þ/P23H eyes. With a GFP expressing AAV2-7m8 (10 12 vg/ml, 1 ll/eye), the overall transduction appeared limited with an evident preference for amacrine and ganglion cells (Supplementary Material, Fig. S9A-F) . However, the use of the human RHO promoter (hRHOp) to drive GFP expression did greatly improved photoreceptor transduction (Supplementary Material, Fig. S8G) . Therefore, two different AAV vectors were devised one carrying an inducible Cas9-VQR and the other carrying the sgRNAmMUT together with the GFP reporter and rtTA transactivator under the control of the hRHOp (53) . Since, the TetO promoter requires the rtTA transactivator and doxycycline to be activated this system allows us to restrict Cas9 expression to rod photoreceptors. To ensure continuous Cas9-VQR expression, doxycycline (2 mg/ml) was administered orally to mice since the day of IV injection and for all the duration of the experiment. Due to technical limits in performing IV injections, delivery was performed at 3 weeks of age. Two weeks after injection of the two viruses, we tested treated and untreated retinae for the presence of indel, using T7EI assay in the P23H and WT allele (Supplementary Material, Fig. S9H ). Unfortunately, gene-editing molecular events were undetectable in these samples. The employment of two vectors for this strategy implies that very high level of transduction need to be achieved to have detectable gene targeting. The 7m8 could not reach this level of targeting at least with the titer employed.
More recently others and we demonstrated the high transduction efficiency in neural tissues of the new synthetic capside variant AAV9-PHP.B (50, 54) . This virus was developed by a targeted modification of the AAV9 capside to potentiate its ability to cross the brain-bloodbarrier and infect wide areas in the neuraxis (50) . Given its excellent potential for therapeutic gene delivery, we tested its ability to target the retina using IV administration (Fig. 5A ). Great gene delivery in the whole retina and in the RPE was detectable using an AAV9-PHP.B equipped with the CBA-GFP vector cassette ( Fig. 5B-E) . All retinal cellular subtypes were targeted but with different extent. Transduction was higher in rod photoreceptors (70 6 5%) and amacrine cells (81 6 7%) and lower in cone photoreceptor (45 6 3%), ganglion (32 6 2%), bipolar (15 6 1%), horizontal (33 6 2%) and Mü ller Glia cells (18 6 1%) ( Fig. 5F-M) . These findings prompted us to use the AAV-PHP.B variant to treat Rho þ/P23H retinae with our CRISPR/spCas9-VQR approach, by delivering the two different constructs described earlier (Fig. 6A ). GFP transduction carried by the vectors was robust and diffuse in the ONL of the whole retina (Fig. 6B ). Consequently, we were able to evaluate indel frequency exclusively into rod photoreceptors, after FACS-sorting for GFPþ cells. The P23H Rho allele of these retinae presented a significant but moderate levels of cleavage (9.6 6 0.4, n ¼ 3) (Fig. 6C) . On the contrary, the WT Rho allele remained completely unaltered in all the treated retinae (Fig. 6D) . Unfortunately, indel quantification in these samples was hampered by the low sensitivity with both the TIDE (Fig. 6H ) and the clonal analysis (data not shown). To solve this problem, we investigated the possibility of enriching for the editing events separating the cells with high and low levels of GFP transduction (GFP-high and -low, respectively) by FACSsorting (Fig. 6E) . Indeed, the GFP-high, respect to the GFP-low, population exhibited a much higher accumulation of indels (Fig. 6F) , as measured by T7EI assay at the level of the P23H Rho allele. Once more, the WT Rho allele instead was not affected (Fig. 6G) . Interestingly, TIDE analysis revealed an 15-fold difference in indel efficiency between the parental GFP þ (Fig. 6H ) and GFP-high population (Fig. 6I ). This increment in indel mutation allowed for indel frequency analysis in retinal samples revealing that in viral transduced retinae as much as in electroporated retinae the most present indel by far is the insertion of a single nucleotide (Fig. 6I) . Furthermore, GFPþ and GFP-high samples were subjected to NGS analysis to refine indel analysis and compare them with GFPþ sorted samples of electroporated retinae (Fig. 7A ).
NGS analysis of edited Rho þ/P23H murine retinae
For sequencing analysis, we devised a PCR that unselectively amplified both WT and P23H Rho allele, to concurrently assess their incidence and NHEJ events. Quantification of editing frequency in retinal samples was obtained using the CRISPResso toolbox (55) . This analysis confirmed selectivity of our approach for the P23H Rho allele. In fact, WT Rho allele frequency in control untreated retina was comparable to treated samples, regardless of the delivery system employed or enrichment of editing events (Fig. 7B) . Conversely, these two parameters strongly affected unedited P23H Rho allele frequency, that was lowest in electroporated retinae (<10%) compared with AAV9-PHP.B-injected retinae (38%). NHEJ events occurred in a complementary fashion in these samples (43 and 7%, respectively). Indel enrichment in the GFP-high compared with the GFPþ was evident as previously assessed (Fig. 7B) . Regardless of indel enrichment or delivery system, retinal treatments showed very similar pattern of frameshift and in-frame indel mutation (Fig. 7C , Supplementary Material, Figs S10 and S11). Since both þ1 and þ2 frameshift mutation in the P23H Rho allele cause the formation of premature termination codon (Fig. 2B) , the occurrence of this type of mutation is most likely to disrupt its proteic expression and its dominant-positive detrimental effect, compared with inframe mutations. Thus, our editing strategy revealed not only high selectivity but also robust functional silencing efficiency of the disease allele. 
C). Confocal images indicated strong transduction of the RPE (D) and various retinal cell types (E), such as both photoreceptors, both rod (F) and cones (G), ganglion cells (GC) (F), amacrine cells (AC) (G), horizontal cells (HC) (K), Muller glia cells (MG) (L)
.
Selective targeting of the human WT and P23H RHO gene alleles
Since efficacy of the CRISPR/spCas9-VQR system was proved in a murine model of the disease and since the sgRNA-mMUT PAM site is conserved in human genome (Supplementary Material, Fig. S1 ), we sought to test this approach in a convenient human cellular model. Thus, we generated two sgRNAs based on the conserved PAM site, one targeting the WT (sgRNAhWT) and the other the P23H mutant sequence (sgRNA-hMUT) (Fig. 8A ). To generate a cellular model with the P23H homozygote mutation in the RHO gene, we devised a CRISPR/ Cas9-based gene-editing approach to introduce the c.68C > A nucleotide transversion into 293T cells (Supplementary Material, Fig. S12 ). WT or gene edited RHO P23H/P23H 293T cells were treated with sgRNA-hWT and -hMUT and subjected to our panel of genomic cleavage assays (Fig. 8B-U) . In all assays, both guides showed significantly different cleavage efficiency when targeting the complementary genome, compared with the one bearing one mismatch. In particular, T7EI assay quantified the sgRNA-hWT indel rate in WT cells in 60 6 13% compared with none in P23H cells (n ¼ 3), whereas sgRNA-hMUT indel rate was (B) RHO promoter was employed to restrict GFP and rtTA expression to photoreceptors thus ensuring Cas9-VQR activation solely in this retinal subpopulation scale bar: 20 mm. Two weeks after injection (0.5 ll of 1 Â 10 12 vg/ml of each AAV preparation) retinae were sorted and genome editing tested. Indel quantification using T7EI assay was performed on GFP þ FACS-sorted retinae to detect indels at the level of the P23H Rho allele (C) or the WT allele (D). (E) Based on FACS analysis two distinct populations of GFP þ cells were identified and sorted: GFP-low and -high. Indel analysis, as measured by T7EI assay, was performed on GFP-high and -low fraction of two injected retinae at the level of the P23H Rho (F) and WT Rho allele (G). Using TIDE analysis we observed an even greater clustering of the editing events in the GFP-high fraction (I) compared with the parental GFP þ fraction (H) for the P23H Rho allele.
down to zero in WT but up to 58 6 14% in mutant cells (n ¼ 3). For the same conditions, TIDE analysis concordantly measured cleavage efficiency in 78 6 9%, 7 6 1%, 3 6 1%, 76 6 10%, respectively (n ¼ 3). Selectivity of cleavage based on clone sequencing was even higher with 94% (in WT cells) versus 0% (in P23H cells) for the sgRNA-hWT and 89% (in p23H cells) versus 0% (in WT cells) sgRNA-hMUT. Conveniently, the fraction of indel in-frame mutation in the RHO coding sequence was very low for both human guides (similarly to sgRNAmMUT) supporting the idea that this system would efficiently inactivate the pathogenic product of the P23H RHO mutant allele also in human retina.
Discussion
Here, we exploited the efficiency of the CRISPR/Cas9 technology to selectively target a single point mutation in the genome, generating the dominant gain-of-function mutant RHO allele, responsible for photoreceptor cell loss and RP. Our results provide strong evidence that this approach can lead to efficient targeting of the mutant sequence and, thus, preventing the pathogenic effects of the dominant mutation, while simultaneously preserving the WT Rho allele. Notably, we showed that targeting specificity of sgRNAs can be strongly influenced by the seed sequence up to discriminating between two sequences which differ for a single nucleotide only. This is an invaluable finding which discloses a wide use of this approach to distinguish between two or more homologous sequences. Surprisingly, this high level of precision and efficiency in sequence-specific targeting of the designed CRISPR elements was maintained, and even increased, after local delivery in the retinal cells, indicating that this approach maintains its specificity upon in vivo delivery. Such efficient targeting of the mutant Rho allele triggered an evident delay of the degenerative retinal process and a rescue of the retina functional activity. Since the PAM genomic site is conserved between humans and mice, we were able to prove efficacy and selectivity of this gene targeting system in human cells engineered with the P23H RHO gene mutation.
Previous studies have attempted to use shRNA (30) or ribozyme-based (31,32) approaches to silence the P23H Rho mutant allele. In these and other studies, selectivity toward the P23H Rho allele is achieved using trangenic mice or rats overexpressing the mutated P23H allele from a different species (human or rodent). In this scenario, the silencing of the toxic P23H, although beneficial, cannot accurately model the biallelic composition of the human pathology, as our knock-in mice model provides. This mouse model combined with our strategy to target selectively the mutated allele, faithfully model the disease genetic features and its potential rescue, suggesting a substantial higher therapeutic potential (30) (31) (32) 56) . Indeed RHO selective inactivation by the CRISPR/Cas9 system has been recently proved possible in transgenic rats carrying a murine mutant allele (57) . In this study, sgRNA selectivity relied mainly on species-specific and not allelic differences. Moreover, S334X dominant Rho allele targeted in this study is not conserved in humans and, thereby, not relevant for human disease pathology. Hence, this approach provided a proof-of-principle of feasibility but is not suitable for translation into human therapy.
Beyond the CRISPR/Cas9-mediated editing, other approaches have been attempted for the attenuation of dominant Rho alleles causing RP. Albeit some therapeutic benefit was achieved, the repression of the mutant allele resulted not complete and its effect was weakened with time in vivo providing relevant obstacles for any clinical development. In this regard, our approach has the strong advantage to produce a stable and definitive genetic change in the targeted cells even with a single application. An interesting therapeutic option is the suppression and replacement (31, 33, 53) approach based on the silencing of both WT and mutant RHO alleles, while simultaneously adding an extra functional copy of the gene resistant to silencing. Nonetheless, the drawback of this approach is that RHO ectopic expression, ensured by current gene transfer tools, cannot meet its endogenous levels, necessary for recovery. Various mutations in the RHO gene have been identified to cause adRP. Currently, despite the Rho c.68C > A mutant allele is by far the most common mutation in North America, more than other 90 mutations have been identified in the RHO gene responsible for adRP and congenital stationary night blindness (https://sph.uth.edu/retnet/). Remarkably, we identified PAM domains from different Cas9 ortholog (25) (26) (27) or their variants overlapping or in close proximity (<4 bases distant) within a large set of these disease-causing mutations (Supplementary Material, Fig. S13 ). More in general, this methodology can have application to the dominant retinal dystrophies caused by mutations in the IMPDH1 (58), PRPF3 (6,8) and KLHL7 (59) genes. Overall, AAVs are considered the tool-of-choice for therapeutic gene delivery in the retina. Moreover, the development of different capsid serotypes and novel variants have been instrumental for an efficient targeting of different cell populations within the retina using subretinal injections. Nonetheless, very recent studies have shown that this administration route might lead to some moderate systemic inflammation that might worsen the overall pathological state (21, 22) . On this regard, IV administration of AAVs has potentially a much safer profile but has often resulted in a significant reduction of retinal transduction especially for photoreceptor cells, that are the cellular target for a predominant number of retinal diseases. However, the viral vector toolbox available for retinal research has recently been remarkably expanded with the discovery of new and potent AAV variants. In this work, we demonstrated, for the first time, the great potential of the AAV-PHP.B synthetic variant for IV delivery of gene therapeutics to target the retinal photoreceptor cells. Importantly, the use of this vector allowed us to effectively deliver the CRISPR/Cas9-VQR system into the whole retina. Inactivation of the P23H RHO allele by the AAV-PHP.B-delivered CRISPR/Cas9-VQR system was proven specific and effective but it was restricted to only a small fraction of photoreceptor cells ($10%). A critical aspect limiting the success of the present approach is the need of using more than one AAV to deliver all the necessary CRISPR elements. In fact, although, AAV-mediated SpCas9 genome editing in vivo has already been proved (60) , its delivery cannot be performed in a single particle. This drawback was recently overcome by the identification of the new SaCas9 ortholog sufficiently small to be packaged in an AAV vector with its sgRNA (26) . The use of this system enabled a strategy to edit the distrophin mutant gene in vivo as a new therapeutic opportunity for treating Duchenne muscular dystrophy (35, 36) . Moreover, a new variant, SaCas9-KHH, was engineered to broaden its genome targeting range. Nonetheless, the two different sgRNAs for this Cas9, that would selectively target the P23H allele, exhibited a very poor cleavage efficiency in our experimental setting. Thus, more work is needed to broad the effective potential, and predict the favorable targeting events for the SaCas9 and its derivatives.
Overall, we believe that, this particular approach to be therapeutically valuable necessitates of an convenient and efficient delivery of the CRISPR components to the relevant tissue and cells and that IV administration of the PHP.B variant meets these need.
Notably, this is the first time that a Cas9 variant has been exploited to reach allele specific targeting. More broadly, this study represents a convincing proof-of-concept for wide application of the CRISPR system for dominant genetic human disorders, caused by mutant gain-of-function or dominant-negative gene alleles. The broad applicability of this approach depends on the identification of new bacterial Cas9 orthologs, and their engineered variants with intact nuclease activity. Recently, this pool has strongly expanded the targeting range of this system providing a significant flexibility for genome-wide engineering (27, 28, 38) .
The employment of the gene-editing methods always raises safety concerns about off-target effects, especially when translational applications are taken into consideration. We did not observe off-target mutations at potential off-target sites in the mouse genome nor any evident long-term abnormalities in retinae after electroporation. However, off-target mutations may occur at sites beyond those predicted in silico, hence a comprehensive and unbiased analysis, such as whole genome sequencing, would be an essential component of future efforts to definitively establish the safety of this approach (26, (61) (62) (63) . Various approaches have been conceived to restrict Cas9 activity in time and reduce its detrimental off-target effects (64, 65) . In our system, the use of TetO promoter to induce Cas9 could be useful control its expression with doxycycline and identify a therapeutic window in which Cas9 therapeutic action is deprived of undesired effect. Moreover, this system might me implemental to clarify when during disease progression our approach is effective since as the disease progress it is less likely that gene correction can revert RP symptoms.
These results provide strong evidence that the CRISPR/Cas9 system can be tailored to target the mutant Rho allele, restoring retinal function, thus opening new strategies for human dominant genetic disorders, in particular afflicting the eye. Moreover, this approach was successfully combined with IV delivery using the AAV-PHP.B variant, thus reinforcing its translational potential.
Materials and Methods
Vectors generation
The oligo (Sigma-Aldrich) pairs encoding the 20 nt guide sequences and including overhangs for ligation into the BsmbI site (Oligos List) were annealed and ligated (Clontech) into the LV-U6-filler-gRNA scaffold plasmid previously linearized with the BsmBI restriction site, thus removing the filler sequence. This vector was engineered replacing the TetO-NfiA cassette of the TetO-FUWNfiA plasmid (66) (Addgene) with the 'U6-promoter-filler-gRNA scaffold' of the LentiCRISPR (38) (Addgene). To provide the LV-U6-filler-gRNA scaffold vectors with a selection, a Blast cassette under the Ef1a core promoter was cloned downstream of the U6-sgRNA cassette. Moreover, this vector was further modified replacing the gRNA scaffold optimized for spCas9 with an other contained in the vector p.X601 (26) (Addgene) selective for saCas9. Replacing the Nfia cassette of the TetO-FUW-NfiA with the spCas9-p2aPuro sequence of LentiCRISPR, we obtained the TetOspCas9-p2a-Puro vector, from which the TetO-SaCas9-KHH-p2a-Puro vector was derived (taking advantage of MSP2292, Addgene). The plasmid pCAG-spCas9-VQR was generated from the pCAGspCas9 (cloned by replacing GFP of the pCAG-GFP, Addgene, with spCas9 of the LentiCRISPR) (42) vector by overlap-extension PCR (Phusion High-Fidelity DNA Polymerase, New England Biolabs, NEB) using appropriate primers (Oligos List) to modify codon 1135 (GAC into GTG), 1335 (AGG into CAG) and 1337 (AAC into AGA) of the native spCas9, thus producing the VQR variant. The same strategy was used for the generation the TetO-spCas9-VQR-p2a-Puro vector.
Similarly, we constructed an inducible adenoviral vector containing the spCas9-VQR form the pX551 vector (Addgene), which was further modified replacing the MeCP2 promoter with the TetO promoter. A second adenoviral vector was generated using an AAV2-hRHO-promoter-GFP vector (kindly donated by Dr A. Auricchio) introducing the U6-sgRNAmMut cassette upstream of the hRHOp and a GFP-t2a-rtTA cassette downstream.
WT Rho CDS sequence was amplified from whole cDNA derived from retrotranscription (iScript cDNA synthesis kit, BioRad) of RNA extracted (TRIzol Reagent, Thermo Fisher Scientific) from adult retinae. The oligos employed for this purpose (RhoEcoRI-AgeI-koz-Fw and Rho-NheI-EcoRI-R, Oligos List) allowed for direct cloning into the pCAG-ires-GFP plasmid using EcoRI but also further subcloning in to the pCAG vector using EcoRINheI restriction sites. The N-terminus of the mRho WT sequence was substituted with the corresponding region of the other variants (P23H, IndelA e IndelB) using PCR almplification (oligos: Rho-EcoRI-AgeI-koz-Fw and Rho-Xho-RI, Oligos List) and AgeI and XhoI restriction site from molecular cloning.
Cell cultures
MEFs were isolated from E14.5 Rho P23/P23H
, Rho P23/þ and Rho þ/þ mice embryos. Primary culture were derived as previously described (66) and maintained in MEF medium (Dulbecco's Modified Eagle Medium, containing 10% fetal bovine serum, non-essential amino acids, sodium pyruvate and penicillin/ streptomycin, Thermofisher Scientific). In total, 293T cells were cultured in the MEFs media, whereas P19 cell lines were maintained in a-MEM (Sigma-Aldrich) supplemented with 10% FBS. Cells were split every 3-4 days using Trypsin (Sigma-Aldrich) dissociation (0.25%) in their medium. MEFs or 293T cells were infected (0.5 ll of %10 þ8 titer for 50 000 cells) in MEF medium containing doxycycline (2 mg/ml, Sigma). In total, 16-20 h after infection cells were switched into fresh MEF media containing doxycycline and puromycin (1 mg/ml, Sigma) and blastidicin (10 lg/ml, ThermoFisher Scientific), unless specified otherwise.
In total, 48-72 h after cells were harvested for further analysis. P19 and 293T cells were transfected with lipofectamine/PLUS reagent (ThermoFisher Scientific) according to manufacturer instruction. Upon transfection with spCas9 and sghRHO-REC constructs and ssODN, 293T cells were selected for 48 h with puromycin (1 mg/ml, Sigma), and blastidicin followed by single cell FACS-sorting into a 96 well-plate.
Viral production
Lentiviral replication-incompetent, VSVg-coated lentiviral particles were packaged in 293T cells (67) . AAV replicationincompetent, recombinant viral particles were produced in 293T cells by polyethylenimine (Polyscience) cotransfection of three different plasmids: transgene-containing plasmid, packaging plasmid for rep and cap genes and pAdDeltaF6 for the three adenoviral helper genes. The cells and supernatant were harvested at 120 h. Cells were lysed in Tris buffer (50 mM Tris pH ¼ 8, 5, 150 mM NaCl, Sigma-Aldrich) by repetitive freeze-thawing cycles (three times). To clarify, the lysate Benzonase treatment was performed (250 U/ml, 37 C for 30 min, Sigma-Aldrich) in presence of 1 mM MgCl 2 (Sigma-Aldrich) and cellular debris separated by centrifugation (2000g, 30 min). The viral particles present in the supernatant instead were concentrated by precipitation with 8% PEG8000 (Polyethylene glycol 8000, Sigma-Aldrich), resuspended in Tris buffer and combined with corresponding cell lysates. The viral phase was isolated by iodixanol step gradient (15, 25, 40 , 60% Optiprep, Sigma-Aldrich) in the 40% fraction and concentrated in phosphate buffer saline (PBS) with 100 K cutoff concentrator (Vivaspin20, Sartorius Stedim). Virus titers were determined by measuring the number of DNase I-resistant viral particles, using qPCR with linearized genome plasmid as a standard.
Animal models and manipulation
All procedures on animals were performed in accordance with the institutional guidelines for animal research. Homozygous P23H knock-in mice (obtained from The Jackson Laboratory, Bar Harbor, ME) were bred either with each other to maintain the homozygous line or with C57BL/6 mice (Charles River Italy, Calco, Italy) to obtain to generate P23H heterozygous embryos and pups. P0 mice were electroporated as previously described (42) . Shortly, they were anesthetized by chilling on ice, and a small incision was made in the eyelid and sclera near the lens with a 30-gauge needle. In total, 0.3 ll of DNA solutions (3-6 mg/ml, 0.1% fast green) were injected into the subretinal space through the incision by means a Hamilton syringe with a 33-gauge blunt-ended needle. Upon DNA injection, five square pulses of 80 V amplitude and 50 ms duration (with 950 ms intervals) were applied to the heads of the pup using tweezer-type electrodes (model 520, 7 mm diameter, BTX, San Diego), connected to a pulse generator ECM830 (BTX). DNA was transfected only into REs. LEs were left untouched. Upon 4-12 weeks, retinae were harvested for indel analysis, histological staining or ERG recordings. For AAV IV injections, three-fourth-week-old mice were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg; Ketavet 100-Intervet Productions s.r.l., Aprilia, Italy) and xylazine (10 mg/kg; RompunBayer s.p.a., Milano, Italy). One microliter of AAV-CBA-GFP (1 Â 10 12 viral genomes/ml, vg/ml) or of a 1:1 mixture of AAV-Cas9-VQR (1 Â 10 12 vg/ml) and AAV-U6sgRNAmMUT-RHOp-GFP-t2a-rtTA (1 Â 10 12 vg/ml) was intravitreally injected using a Hamilton syringe with a 33-gauge blunt-ended needle under a stereo microscope (Leica Microsystems Ltd). Doxicycline (2 mg/ml) was administered in the drinking water from the day of injection till retinal harvest. Two weeks after injection retinae were harvested for subsequent analysis.
Tissue and cell collection
Electoporated retinae were dissected under a fluorescence dissecting microscope. GFP þ retinae were selected for further analysis based on fluorescence intensity and diffusion but also retinal integrity. To perform immunohistochmical analysis dissected retinae were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature, cryoprotected in 5% sucrose (10 min) followed by 30% sucrose (10 min) and embedded in OCT compound on dry ice. Cryostat cryosections (20 lm) were then cut. In case of indel analysis, retinae were dissociated (papain 10 U/ml, Worthington, 10 min, 37 C) (68) and FACS-sorted (MoFlo, Beckman Coulter, Inc.). Genomic DNA (gDNA) was extracted from the GFP þ population thus isolated using QIAamp DNA micro kit (QIAGEN) following manufacturer instruction. gDNA was extracted from MEFs and 293T cells using a lysis buffer (100 mM Tris-HCl pH8, 200 mM NaCl, 5 mM EDTA, 0.5% SDS with proteinase K, Sigma-Aldrich) to incubate cells (4-24 h, 55 C). gDNA was purified using isopropanol and ethanol 70%
and resuspended in water. RNA extraction was performed using Trizol Reagent according to manufacturer instruction (TRIzol Reagent, Thermo Fisher Scientific). For immunohistochemical analysis, cells were fixed 4% paraformaldehyde.
Indel analysis and off-target analysis
The genomic regions that were flanking the sgRNAs target sites were amplified by PCR using 100 ng of gDNA as a template. of T7EI (NEB) were added and incubated at 37 C for 15 min to then be analyzed on 2% agarose gels, imaged with a Gel Doc gel imaging system (Bio-Rad). The percentage of genome modification was obtained as previously described (25) . To perform TIDE assay, purified PCR products were analyzed by Sanger sequencing (GATC Biotech). The quantification of genome modification was also obtained using the TIDE software, which allowed to interpolate the chromatograms produced by direct Sanger sequencing of the previously described PCR products or which applies a deconvolution algorithm on the sequencing traces to identify the indel mutations proximal to the editing site and accurately determines their frequency in a cell population (37) . Sequencing primers used for TIDE analysis are indicated in Oligos List. Amplicons obtained as earlier were also subjected to clone sequencings, which consisted in cloning of PCR products using the TOPO BLUNT cloning kit following manufacturer instruction (ThermoFisher Scientific) and then select and individually sequence clones positive for the amplicon of interest. RFLP analysis was also carried out either on amplicons (293T selection for recombined clones with BstBI) or individual clones (optimization of PCR selectivity, BanII). Briefly, 2-500 ng of DNA were incubated with 5U of BanII or BstBI (NEB) at for 2 at 37 or 65 C, respectively, to then be analyzed on 2% agarose gels. Off-target were identified using COSMID online tool (41) (https://crispr.bme.gatech.edu) and assayed by PCR amplification (see Oligos List), to be tested both by TIDE analysis and clone sequencings.
NGS analysis
PCR amplicons were analyzed by NGS performed by CTGB core Facility at Ospedale San Raffaele (Milan, Italy). Genomic PCR products were subjected to library preparation using the NEBNext Ultra II DNA library Kit (NEB). Briefly, common primers are added by ligation, following by limited number of PCR cycles (eight cycles) where specific barcode for each sample was added. Amplicones were purificated with AMPure beads (Beckman Coulter) and run onto Bioanalyzer 2100 (Agilent). Equimolar amounts of library were mixed, diluited and sequenced with an Illumina MiSeq system. CASAVA software (Illumina) was used for demultiplexing. Fastq reads were aligned to the mm10 reference genome with Bowtie (69). NHEJ as well as frameshift/inframe mutations were quantified with CRISPResso (55).
List of primers
Oligos for overlap-extension PCR (43) and OS thickness (31) . Quantification were made by measuring 10 electroporated positions (identified by GFP expression) evenly spaced 1 mm apart from the optic nerve (5 superior loci and 5 inferior loci) under 63 magnification. Further, digital 3 magnification was utilized for OS thickness measurements. The CNGA and CNX stainings were utilized to assess OS/IS boundary. Measurements were made using the Leica LAS AF Lite software and averaged between the different animals. Three eyes per electroporation condition were measured as well as controlateral eyes as non-electroporated samples (NE).
RNA analysis
Upon extraction, whole RNA (TRIzol Reagent, Thermo Fisher Scientific) of transfected P19 cells was retrotranscribed (iScript cDNA synthesis kit). The absence pCAG plasmid contamination in whole cDNA was revealed by RT-PCR using following oligos (5 0 -3 0 ): Fw, GCGGCGGCAGCCAATCAGAG, Rv, CACAAAGGG CCCTCCCGGAG and GoTaq Polymerase (Promega). mRho RNA levels were measured using quantitative real time PCR (qPCR) using Titan HotTaq EvaGreen qPCR mix (BioAtlas) by means of a C1000 Thermal Cycler (Biorad). In total, 18S mRNA levels were used as normalizer. Primers for Rho were (5 0 -3 0 ):
Fw, ATGAGCAACTTCCGCTTCG, Rv, ATGAGCAACTTCCGCTTCG. Primers for 18S were: Fw, GTAACCCGTTGAACCCCATT, Rv, CCAT CCAATCGGTAGTAGCG. cDNA was also tested for different Xbp1 isoform by RT-PCR as already described (47) . Xbp1 expression was also tested by an XBP1 reporter plasmid (70) (kindly provided by Dr M. D'Antonio) cotransfected into p19 cells in combination with different RHO variants. In this case, XBP1 splicing was evaluated by GFP fluorescence intensity as evaluated by FACS-sorting.
ERG
Scotopic ERG responses were evaluated in WT, Cas9 VQR only and Cas9 VQR þ Sg RNA mMUT mice at 3 months of age. Mice were dark-adapted for 2 (71) h before the recordings and all procedures were conducted under dim-red light. Briefly, mice were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg; Ketavet 100-Intervet Productions s.r.l.) and xylazine (10 mg/kg; Rompun-Bayer s.p.a.). Pupils were dilated with 0.5% Tropicamide (Visumidriatic-Visufarma s.p.a., Roma, Italy) and 2% Hydroxypropylmethylcellulose (GEL 4000-Bruschettini s.r.l., Genova, Italy) was applied to avoid eye drying. Body temperature was maintained with a homeothermic pad at 37 C (Harvard Apparatus, Holliston, MA, USA). ERG was recorded using corneal ERG electrodes (72) connected via flexible cables to a Micromed amplifier (SystemPlus Evolution-Micromed s.p.a., Mogliano, Veneto, Italy). Data were acquired at a sampling frequency of 4096 Hz, coded with 16 bits and filtered between 5 and 70 Hz. Flash stimuli, with intensity of 231 mJ and duration of 10 ms, were delivered to both eyes at a frequency of 0.5 Hz with a Flash10s photo stimulator (Micromed s.p.a.) placed 15 cm from the eyes. For each session, 6 averages of 10 trains each were used for measuring the amplitude of a-wave (baseline to negative a-wave peak) and b-wave (a-wave peak to positive b-wave peak). a-wave and b-wave amplitudes were normalized on the ERG recorded from the non-electroporated LE of the same mouse. Rho P23H/þ mice electroporated at P0 as above were recorded at 1 month of age. Normalized ERG amplitudes were analyzed using one-way ANOVA (three mice strains at one time point) followed by LSD post hoc test.
Quantifications and statistical analysis
To the exception electrophysiological measurements (see earlier), expression or indel data are represented as the mean of biological replicates and the variation as standard standard deviation (SD). For each experiment, "n" indicates the number of independent cultures used. Statistical significance of differences between control and target data sets was determined with oneway ANOVA and post hoc analysis (Graph Pad Prism); differences with P 0.05 were considered statistically significant. 
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